Abstract. Several (Al,Si,N) compounds have been obtained by LPCVD in a vertical hot-wall reactor using aluminium trichloride, silicon tetrachloride and ammonia as source gases, with nitrogen as the carrier gas. In order to determine both their structure and local chemical composition, several deposits have been examined by analytical transmission electron microscopy combining electron diffraction (ED), high resolution electron microscopy (HREM) and electron energy loss spectroscopy (EELS). It has been confirmed that the chemical composition of the materials as well as the size of the "nanocrystals" observed in the deposits are strongly dependent on the temperature and the reactive gas flow. It has also been shown that for the range of temperature (1273 K-1373 K) used in this work these "nanocrystals" have the wurtzite structure of aluminium nitride.
INTRODUCTION
Among the many nitride ceramics, aluminium and silicon nitride are of considerable interest owing to their potential use for high temperature and electronic applications. In order to obtain materials having better properties than those of A1N or Si3N4 alone, particularly concerning their oxidation behaviour, the Al-Si-N system has been studied. The mixed deposition of aluminium and silicon nitride on silicon and sapphire substrates has been investigated by Zirinski [1] using ammonialysis of aluminium trichloride and silane. The phase equilibrium of this system has been established by Weitzer and al. [2] . From their results it can be concluded that neither a ternary compound nor a solid solution can be formed.
The simultaneous synthesis of AIN and Si3N4 has been achieved by chemical vapour deposition with aluminium trichloride, silicon tetrachloride and ammonia as precursors. A preliminary thermodynamic study [3] has shown that the formation of AlN-Si3N4 codeposits requires a high molar ratio of NH3/(AlCl3+SiCl4)-The physical properties of the materials are strongly dependent on their microstructure and thus on their processing parameters. A study of the structure and surface morphology of the deposits has been made by X-ray diffraction and scanning electron microscopy [4] . Current analytical transmission electron microscopy techniques allow us to obtain structural and chemical information at high spatial resolution. These methods have been employed to investigate the influence of the experimental conditions on the composition and microstructure of various deposits.
EXPERIMENTAL PROCEDURE

Elaboration of the deposits
The experimental system used was a vertical hot-wall reactor composed of a graphite susceptor heated by high-frequency induction. The source gases were aluminium trichloride AICI3, silicon tetrachloride SiCLj, ammonia NH3 and nitrogen N2 as a carrier gas. The AICI3 was obtained by chemical reaction between gaseous SiCLj and a metallic aluminium supply heated to a temperature T c , in the range from 650 K to 790 K [5] . The silicon tetrachloride SiCU contained in an evaporator was heated to 313 K (vapour pressure ~ 54.10 3 Pa). All gas connections were thermally insulated to prevent any condensation. The ammonia was injected separately from the other reactive gases to avoid reaction outside the reaction Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19955107 C5-906 JOURNAL DE PHYSIQUE IV zone. A graphite base covered by a Sic layer produced by pyrolysis of tetramethylsilane was used as a substrate for all deposits.
The elaboration process was carried out under the following conditions : pressure 133 Pa, reactor temperature 1273 K to 1373 K, Nz flow rate 10-3 cm3.h-1, and gas phase composition depending on the value of Tc [5] .
Analytical transmission electron microscopy
The deposits have been examined by complementary transmission electron microscopy techniques including conventional microscopy (in bright-field and dark-field), electron diffraction (ED), High Resolution Electron Microscopy (HREM) and Electron Energy Loss Spectroscopy (EELS). Thin specimens suitable for electron microscopy were prepared by mechanical polishing followed by Ar+ ion milling. The experiments have been performed with a Philips CM30ST microscope operating at 300 kV (point resolution close to 0.2 nm) with direct magnification up to lo6 and an objective aperture radius corresponding to spatial frequencies down to 7 nm-1. The interpretation of the HREM images is based on comparison with simulations. The latter have been made using the multislice method For EELS experiments, an on-line Gatan 666 parallel spectrometer with a typical resolution of 1.5 eV (full width at half maximum of the zero-loss peak) was used. The samples have been studied from the chemical point of view by considering electron energy losses associated both with plasmons and atomic inner-shell excitations. The acquisition steps of the spectra were chosen to be 0.1 eV and 1 eV for plasmons and inner-shell edges respectively. The value of the semi-angle of collection was 7.5 mrad and the spatial resolution was in the range 10 nm-80 nm. The standard quantitative treatment of the spectra, as proposed by Egerton [7] , allowed us to obtain the atomic concentration ratios from the K-edges corresponding to the different elements present in the material.
RESULTS AND DISCUSSION
Three kinds of deposits have been analysed. The conditions of the elaboration process and the concentration ratios of the various elements determined by wavelength-dispersive spectroscopy (WDS) are listed on table 1. 
Sample 1
This sample has been obtained for a relatively low value of the temperature Tc of the aluminium supply so that only a small amount of aluminium is expected to be present in the deposit. This is confmed by the chemical composition determined by WDS (table 1) . As deduced from the broad and diffuse ring observed on the diffraction pattern of Fig. l(a) , this material appears to be amorphous. This is clearly visible on the centred dark-field image obtained by selecting with the objective aperture a small part of the ring. The size of the bright dots (about 0.5 nm) is in good agreement with the value estimated from the width of the diffraction ring. Given the homogeneous appearance of the deposit, the EELS chemical analysis has been performed with a relatively large probe size (80 nm). The electron energy loss spectra reproduced on Fig. l(b) show the K-edges associated with nitrogen (401 eV), oxygen (532 eV), aluminium (1560 eV) and silicon (1840 eV). The corresponding plasmon energy loss was found to be 22.8 eV. This value is halfway between those corresponding to crystallised aluminium nitride (21.7 eV) and silicon nitride (23.8 eV) [8] . The chemical composition deduced from the treatment of these spectra shows that the amount of silicon is about twice that of aluminium. This is consistent with the concentration ratios determined at a macroscopic scale for the bulk material (cf table 1). All these results indicate that the material consists of a mixture of amorphous silicon nitride and aluminium nitride.
Sample 2
The diffraction ring pattern shown in Fig. 2(a) reveals that this material, obtained for a higher value of Tc, is more crystallised than the first. The sample is composed of "nanocrystals", the average size of which is about 5 nm. They can be seen on the centred dark-field image obtained by selecting a small part of the "first ring" (in fact it corresponds to three rings which cannot be distinguished here). The inter-reticular distances estimated from the radii of the diffraction rings are close to those of the aluminium nitride structure.
Chemical analysis of a single crystal and of the surrounding amorphous areas was impossible because of their dimensions so the same large probe (80 nm) was used as in the case of sample 1. The quantitative treatment of the spectra reproduced on Fig. 2(b) yields an atomic concentration ratio Si/AI close to 1. This result is in good agreement with the values obtained by WDS. For this sample, the plasmon energy loss was found to be 22.6 eV.
In order to determine more precisely the structure of the "nanocrystals", the sample was observed in plane view at high resolution. An example of an axial-illumination bright-field HREM image of a thin region is shown on Fig. 3(a) . Some periodic atomic arrangements, corresponding to different orientations of the "nanocrystals", can be seen. Enlargements of the encircled zone obtained for different defocus values are reproduced on Fig. 3(b) . The inserted simulations have been calculated for an aluminium nitride layer (3 nm thick) observed in the [OOl] orientation. A Debye temperature of 950 K has been considered in the calculations [9] . The good match between these simulations and the experimental images confirms that the "nanocrystals" have the wurtzite structure (2H) of AlN. Depending on the defocus value, the atomic columns appear black or white as shown by the associated projected potential maps. Figure 4 is another example of a HREM image obtained from a cross-section of sample 2. It exhibits a cluster consisting of several crystals larger than those previously seen. They are observed along the [I101 direction which allows us, in the case of the 2H wurtzite structure, to visualize the stacking sequence of the layers and consequently to identify this structure clearly. There is good agreement between an image calculated for this incident electron beam direction and the experimental one. This again demonstrates that the "nanocrystals" observed in the deposit are constituted by aluminium nitride. Considering the amount of silicon found in the material and the relatively low elaboration temperature, the amorphous regions surrounding the AIN crystals are expected to be mainly silicon nitride.
Sample 3
This last sample has been obtained for a high value of Tc (table 1) which implies that there is more AlCl3 in the gas mixture. Consequently, the amount of aluminium nitride in the deposit should be greater than for the other samples leading to a material more highly crystallised. TEM observations of a cross-section of this sample confirm that it was actually polycrystalline, the size of the crystals increasing from the substrate up to the surface of the deposit. However, a thin layer of small crystals has been found on the top of the deposit. They appear with dark contrast (region (a)) on the bright field micrograph of a plane-view of the sample shown Fig. 5(a) next to large bright crystals (region (b)) located just below the previous ones. The former gives rise to fine rings in the inset selected-area diffraction pattern as confirmed by the centred dark-field image reproduced on Fig. 5(b) . The mean size of these crystals is about 20 nm. As for sample 2, the d-spacings deduced from the radii of the diffraction rings agree well with those corresponding to aluminium nitride.
Chemical analyses have been performed with the same probe size (60 nm) at different levels in the deposit near the interface with the silicon carbide layer. It has been found that the atomic concentration of silicon increases with proximity to this interface (Si /A1 up to 0.4). This could be related to preferential growth of silicon nitride at the beginning of the process. The amount of silicon detected at the top of the deposit would then be lower. The quantitative treatment of the spectra (Fig. 6) Axial bright-field HREM images of the two kinds of crystals (a) and (b) observed along the [001] direction are presented on Fig. 7 and Fig. 8 respectively. The different contrasts appearing on the image of a crystal (a) (Fig. 7) have been related to thickness and orientation variations as shown by the inserted simulations. In the case of crystal (b), HREM images have been obtained for two defocus values corresponding to minimum contrast and Scherzer defocus (Fig. 8) . The good match between the different simulations and the experimental images confirms that the atomic arrangements do indeed correspond in both cases to aluminium nitride crystals, despite the significant amount of silicon detected by EELS chemical analyses. The presence of silicon could be related to a thin amorphous layer of silicon nitride surrounding the A1N crystals. However, as noted by Slack and Kelly [lo] , silicon should also be considered as possible substituent for aluminium in the A1 sublattice of AN. No experimental evidence for this last assumption has been obtained by HREM imaging. Aluminium and silicon do indeed have very close Z atomic numbers so the HREM images calculated from a structure including substituted silicon cannot be distinguished from those corresponding to stoichiometric aluminium nitride.
Conclusion
Analytical electron microscopy studies have been canied out on deposits containing aluminium, silicon and nitrogen. The compositional and microstructural changes of the compounds have been related to their experimental conditions of preparation. It has been established that, in addition to the deposition temperature of the samples, the temperature of the aluminium supply, Tc, plays an important role in determining the composition of the deposits. It was observed that, as the temperature T, was increased, the amount of aluminium in the deposit increased at the expense of the quantity of silicon. This leads to a progressive increase in the degree of crystallinity of the materials. The structure of the crystals has been identified by HREM imaging as that of aluminium nitride.
Chemical analyses have been performed at a nanometric scale by electron energy loss spectroscopy. For all the deposits, the atomic concentration ratios deduced from the quantitative treatment of the EELS spectra are very close to the values determined by wavelength-dispersive spectroscopy (WDS) at a macroscopic scale for the bulk materials. More accurate analyses of EXELFS type (Extended Energy Loss Fine Structure) are planned in order to determine the local atomic environment of silicon in the materials and hence c o n f m the presence of amorphous silicon nitride phase.
In conclusion, the results presented in this paper illustrate the various possibilities of HREM combined with EELS for studying the nanostructure and the chemical composition of a wide range of materials at the atomic level. These methods of analysis are particularly well adapted to materials consisting of light elements, which is the case for most of the ceramics being now considered for specific applications at high temperature. been calculated for two defocus values corresponding to the minimum of contrast (defocus : -23 nm ; "white" atoms ) and to Schemr &focus (&focus : 60 nm ; "black" atoms ) respectively (crystal thickness : 3 nm ).
